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HIGHLIGHTS 
 
- An unsteady 3D CFD model for a variable wall thickness scroll expander was developed  
- The highest isentropic efficiency of 53.9% was reached at a pressure ratio of 3.5 
- The vortices in the expansion chambers were fully dissipated at a crank angle of 600° 
- Scroll expanders with built-in volume ratios above 4.5 could achieve a full expansion  
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ABSTRACT  
The built-in volume ratio of variable wall thickness scroll expanders can be increased without increasing the number of scroll 
turns and the expander size in contrast to constant wall thickness expanders. CFD models for these novel scroll-type designs 
are presented in this research paper. The validation, verification and the findings had proven consistency with the theory of 
small scale ORC scroll expanders. The performance analysis indicates that the optimum performance point was reached at a 
pressure ratio of 3.5. The decrease of radial clearance from 200 µm to 75 µm had a significant effect on the isentropic efficiency 
and the specific power output, with the isentropic efficiency significantly increasing from 31.9% up to 53.9%. Based on the 
second-law analysis, it is found that exergy of 336.5W (75µm) and 864.2W (200µm) were destroyed during the expansion 
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processes. Furthermore, characteristic pressure imbalances were observed in the expansion chambers. The studies also reveal 
that the large-scale vortices, generated during the suction process, were completely dissipated in the expansion chambers at a 
crank angle of 600°. Analysis of the pressure-volume diagram shows that variable wall thickness scroll expanders with built-
in volume ratios above 4.5 could fully expand the working fluid to the defined outlet pressure.  
 
1. Introduction  
 
     There is a wide variety of different expansion machines, such as axial and radial-inflow turbines, screw 
expanders, reciprocating expanders, rotary vane expanders, axial piston expanders, roots expanders and scroll 
expanders, which are suitable for use in small-scale organic Rankine cycle (ORC) systems [1-5]. Dumont et al. 
(2018) [5] were one of the first few who aimed to simplify the choice of the optimum expander for small-scale 
ORC units. They compared the performances of four different expanders. The experimentally obtained data was 
used for the calibration of a semi-empirical model to create ideal performance maps for those volumetric 
expansion machines using R245fa. Their studies indicated that the highest isentropic efficiency of 76% was 
achieved for the scroll expander followed by the piston and screw (53%) and the roots expander (47%). Olmedo 
et al. (2018) [6] also used experimental results, determined from a literature review, to calibrate their semi-
empirical model. It was subsequently applied to design non-dimensional performance maps for scroll expanders 
lubricated with oil and integrated into micro-scale ORC systems. Non-dimensional factors such as specific speed 
(N𝑠) and specific diameter (D𝑠) were derived from the turbomachinery field and incorporated into these maps to 
simplify the scroll geometry optimisation in terms of built-in volume ratio and scroll height. It was possible to 
predict isentropic efficiencies up to 80% based on the measured electrical power output.          
     In addition to scroll expanders being found to be a promising solution for ORC systems, scientific 
investigations have identified a strong dependence of the scroll expander performance on the value of the built-in 
volume ratio [7-13]. As a consequence, Clemente et al. (2012) [11] conducted numerical analysis of two scroll 
machines with different scroll profile lengths. There was a shift of the operational field towards higher pressure 
ratio (PR) which in turn led to higher power output for the scroll expander with the long scroll. However, the 
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isentropic efficiency was higher for the short scroll. Similar observations were made in the investigations of Chang 
et al. (2014,2015) [12,13] who experimentally examined three scroll expanders distinguished by increasing built-
in volume ratios of 2.12, 2.95 and 4.05. It can be noted that the highest isentropic efficiency of 76% was achieved 
for the built-in volume ratio of 2.95 compared to 73.1% for the built-in volume ratio of 4.05. The higher number 
of scroll turns resulted in increased losses due to friction and internal leakages. A comprehensive review of scroll 
expander geometries and their impact on the performance was also provided by the authors [14].  
     The published academic research on scroll machines using variable wall thicknesses has demonstrated a 
number of benefits associated with this approach. In particular, for a given scroll profile length, the scroll machine 
with variable wall thickness features a higher built-in volume ratio with respect to a constant wall thickness design 
[15-22]. The reason for this lies in the variation of the wall thickness along the expansion and discharge chambers. 
Liu et al. (2010,2012) [20,21] developed a geometrical model to generate a scroll compressor with variable wall 
thickness which was subsequently employed to carry out a finite element analysis. The radial and axial 
deformations were lower than those predicted for a constant wall thickness scroll compressor characterised by the 
same built-in volume ratio, suction volume and the endplate diameter of the moving scroll. However, variable 
wall thickness scroll expanders are not widely investigated and the effect on the expansion process is almost 
unknown since the research and development of these innovative expander designs is still in the early stages. No 
experimental research is available and all the literature can be narrowed down to theoretical studies [14]. 
     CFD simulations of scroll machines have been increasingly conducted in recent years for investigation of the 
inner working process [12,23-28]. The understanding developed has contributed to performance predictions which 
are useful for preliminary design and the further improvement of the scroll geometry itself. A few researchers 
examined their scroll machines with the help of a 2D CFD approach [23,24]. In comparison to a 3D CFD model, 
the 2D CFD model of Chang et al. (2014) [12] revealed a similar prediction of the pressure and volume change 
during the expander working process with a small deviation during the expansion process. Song et al. (2015) [25] 
identified that the main challenges were the development of three-dimensional, unsteady and two-phase flow CFD 
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models. This would enable the capture of spatial inner flow characteristics, evaluation of accurate time-averaged 
flow and temperature fields and consideration of the effects of lubricating oil. Drawing upon these findings, Song 
et al. (2015,2018) [26-28] established a 3D CFD model to analyse the inner working process of a scroll expander 
with a particular focus on the unsteady suction process and the effects of suction port arrangements. They also 
developed a CFD model for a small-scale ORC scroll expander with a bilateral discharge structure (two discharge 
ports) to investigate its influence on the expander aerodynamic performance.  
     Previous CFD simulations were based on scroll machines with constant wall thicknesses. Rak et al. (2014) 
[29,30] for the first time developed a 2D CFD model for the variable wall thickness geometry proposed by Bush 
and Beagle [15,16]. The results showed that the wall heat transfer coefficient for the variable wall thickness 
chamber was up to three times larger than that in the constant wall thickness chamber. This contrasted with the 
impact of the rotational speed on the coefficient which was greater for the constant wall thickness design. 
However, the 2D CFD approach in combination with the assumption of no clearances (and hence no leakage) 
restricted the accuracy. Emhardt et al. (2019) [31] carried out CFD simulations for variable wall thickness scroll 
expanders. Over- and under-expansion phenomena occurred at two pressure ratios of 2.5 and 5.5 which was in 
accordance with the thermodynamic theory of scroll expanders. Nevertheless, a detailed evaluation of the variable 
wall thickness scroll expander performance under a wide range of operating conditions was not included. No 
detailed descriptions of the three-dimensional and time-dependent expansion process of these novel variable wall 
thickness expander designs has been found in the open literature. 
     In this paper, CFD simulations of small scale ORC scroll expanders using variable wall thicknesses are 
presented based on a three-dimensional and transient approach. The main purpose of the current paper is to prove 
the thermodynamic theory in addition to the demonstration of the CFD capability for these innovative and novel 
variable wall thickness scroll expander designs. The refrigerant R123 was used as the working fluid. The 
clearances were not sealed by means of lubricant oil, so a dry wall expander design was considered. The first part 
of the paper focuses on the verification and validation of the CFD model including grid and turbulence model 
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sensitivity tests. The CFD results are analysed in the second part of the paper. Scroll expander isentropic efficiency 
and power output for increasing pressure ratio are examined and second-law efficiency is evaluated. In addition 
to the influence of variable wall thicknesses on the scroll expander aerodynamic performance, the pressure 
distribution and the pressure-Volume (p-V) diagram along with the unsteady three-dimensional flow field are 
investigated.  
 
2. Description of the scroll profiles 
 
     The scroll expander geometry using variable wall thicknesses was created by means of the equations which 
Bin et al. (2016) [18,19] used in their development of a geometrical and thermodynamic model for a scroll 
compressor. The scroll profile is driven by a high order curve on the basis of the involute of a circle approach as 
visualised in Fig. 1. The fixed scroll is coloured in red whereas the orbiting scroll is coloured in blue. It can be 
also seen that two arcs are used to fabricate the dual arc tip design. The geometrical model parameters of the 
variable wall thickness design are contained in Table 1.  
 
 
 
 
Parameter Definition Unit Value 
α Original angle (-) 0.993 
a Base circle radius (mm) 2.25 
h Scroll height (mm) 20 
rob Orbiting radius (mm) 2.6 
R Big circular arc radius (mm) 4.4279 
r Small circular arc radius (mm) 1.8279 
C0 Constant of wall thickness (-) 32.1464 
C1 Constant of wall thickness (-) -11.821 
C2 Constant of wall thickness (-) 2.1066 
C3 Constant of wall thickness (-) -0.0868 
k Control parameter of wall 
thickness 
(-) -46.075 
d Control parameter of wall 
thickness 
(-) 3.375 
r𝑣 Built-in volume ratio (-) 4.5 
Fig. 1: Geometrical model of the scroll expander using 
variable wall thicknesses  
Table 1: Geometrical model parameters for the creation of the variable 
wall thickness expander design [18,19] 
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3. Numerical procedure 
     
     The numerical procedure comprising the principles and theoretical equations, applied to develop a CFD model 
for the variable wall thickness scroll expander design, is outlined in this section. The generation of a 3D 
unstructured grid, to discretise the computational domain along with the dynamic mesh technology to update the 
deforming mesh over time, is described in the first sub-section. The initial and boundary conditions used, as well 
as the solution methods such as the spatial and temporal discretisation schemes for the computational procedure, 
are considered in the second sub-section.      
  
3.1 Grid generation 
 
     As previously mentioned, a few researchers have created models based on a 3D CFD approach. Following 
other workers practice, a three-dimensional computational grid was created to capture the inner flow field within 
the scrolls. An inlet pipe, pre-chamber, suction pipe, and outlet pipe were combined with the scroll expander 
chamber which incorporates the entire scroll expander geometry as shown in Fig. 2.  
 
 
Fig. 2: 3D unstructured grid for a scroll expander made of variable wall thicknesses - end view (left) and side view (right) 
7 
 
The grid generator ICEM was used to create the unstructured grid based on the grid of Wei et al. (2015) [26]. 
Their work contained an experimental validation. The unstructured mesh approach has also been used by other 
researchers [12,24,33]. The mesh report in Table 2 shows the number of nodes and cells for each domain of the 
computational grid for two variable wall thickness scroll expanders with radial clearances of 200 µm and 75 µm 
respectively. The values of the radial clearances have been chosen for computational reasons and for consistency 
with earlier studies ([26]). Lower radial clearances would have resulted in a much finer resolution of those gaps 
which in turn would have increased the total number of nodes and cells massively.  Hence, the radial clearance 
was set to 200 µm and 75µm in the present work to balance between computational time and accuracy of the 
numerical results. The focus lies on a three-dimensional and transient analysis of the flow field in the scroll 
expander working chambers rather than on the leakage flows through the radial clearance. The single-layer grid 
along the narrow gaps between fixed and orbiting scroll was therefore assumed to be applicable. The axial 
clearances were excluded.  
Table 2: Mesh report 
Domain Number of nodes Number of cells 
Suction pipe 2871 2280 
 Inlet pipe 28905 26240 
Outlet pipe  29971 27240 
Pre-chamber 139009 125556 
Scroll expander chambers (200 µm) 
Scroll expander chambers (75 µm) 
295113 
439971 
503660 
709680 
All domains (200 µm) 
All domains (75 µm) 
495869 
640727 
684976 
890996 
 
     The dynamic mesh technology provided by ANSYS FLUENT [32] was employed to generate the eccentric 
movement of the orbiting scroll relative to the fixed scroll while changing the enclosed working chamber volumes 
over time. The dynamic mesh is the most common approach to capture the fluid motion in the complex scroll 
expander geometry and to reproduce the eccentric movement of the orbiting scroll by means of user-defined 
functions [12,24,26-28,33,34]. The smoothing and remeshing dynamic mesh schemes were combined and enabled 
in order to regenerate and recalculate the deforming and moving mesh in the expander working chambers at each 
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time step. The equations solved using the dynamic mesh technique incorporate all the governing equations for 
continuity, momentum and energy conservation in the calculation of the dynamic motion. The orbiting scroll 
rotates at a constant speed about the gravity centre.  
 
3.2 Turbulence modelling and boundary conditions 
     The computational fluid dynamics software ANSYS FLUENT 18.0 was applied to perform the CFD 
simulations based on the unsteady Reynolds-averaged Navier-Stokes (URANS) approach. The standard k-ϵ 
turbulence model and the re-normalisation group (RNG) k-ϵ turbulence model were used to investigate the 
influence of different turbulence models on the solution. While the standard k-ϵ model is widely accepted, some 
sources recommend the RNG model for complex flows, such as strained and swirling flows as in the present case 
[32]. The energy equation was applied in combination with the continuity and Navier-Stokes equations to 
investigate the temperature fields in the scroll expander working chambers. The PISO-Algorithm was employed 
to solve the Navier-Stokes equations by determining the pressure from the coupled system of continuity and 
momentum equations with the help of a pressure correction technique. The Green-Gauss node-based method was 
applied for the computation of the gradients of any given scalar at the centre of each cell. This method is claimed 
to achieve good accuracies in computational domains discretised by unstructured meshes [32]. The PRESTO 
scheme was applied for the interpolation of the pressure values because the computational domain includes 
extreme curvatures, rotating flows, large pressure and velocity fluctuations and high velocity gradients. For such 
flows, it has been reported [32] that PRESTO gives better accuracy than standard pressure interpolation schemes, 
but at the expense of longer computational times. Second-order upwind schemes were applied for the spatial 
discretisation of the density, momentum and energy equations respectively. The first-order upwind schemes were 
enabled for the turbulence equations. The first-order implicit unsteady formulation was utilised to run the transient 
CFD simulations with the pressure-based solver. This formulation is recommended in consideration of the 
simulation accuracy, stability and process time [32].  
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     The time step of Δt=5x10-5s was specified to achieve convergence and obtain accurate solutions. This 
corresponds to one-six-hundredth of a scroll revolution for the rotational speed of 2000rpm. Eq. (1) defines the 
ratio of work per cycle calculated from angular momentum change (?̇?𝑎) to that calculated from total enthalpy 
change (?̇?ℎ). This can be used to judge convergence, as it should be equal to unity when the overall energy balance 
is satisfied by the solution.   
𝑊?̇?
𝑊ℎ̇
=
∫ (𝜏 · 𝑛
𝑡2
𝑡1
)𝑑𝑡
∫ ?̇?
𝑡2
𝑡1
(ℎ𝑡,𝑜𝑢𝑡 − ℎ𝑡,𝑖𝑛)𝑑𝑡
 = 1   
 
(1) 
 
𝜏 and n define the scroll expander torque and rotational speed respectively. ?̇? is specified as the mass flow rate 
through the system and ℎ𝑡,𝑜𝑢𝑡 and ℎ𝑡,𝑖𝑛 are denoted as the specific total enthalpies at the scroll expander inlet and 
outlet. 𝑡1 and 𝑡2 fix the initial and final state of one revolution of the orbiting scroll. Moreover, residual levels and 
quantities of the internal flow field in specific points were monitored to reach convergence.  
     No-slip boundary conditions were applied to the corresponding walls of the domain. The first cell was resolved 
in the fully turbulent flow region with the help of standard wall functions. The total inlet pressure and total inlet 
temperature in combination with the static outlet pressure and backflow total temperature were applied as 
boundary conditions for the inlet pipe inlet and outlet pipe outlet respectively. The NIST (National Institute of 
Standards and Technology) real gas model for the refrigerant R123 from the REFPROP (Reference Fluid 
Thermodynamic and Transport Properties) database was selected to model the thermodynamic and transport 
properties of the working fluid [32,35]. The energy source due to viscous dissipation was included in the energy 
equation as appropriate for a high-velocity compressible flow. 
 
4. CFD model verification and validation 
     To the best of the authors knowledge, no experimental research studies are available in the literature on variable 
wall thickness scroll expanders. Moreover, three-dimensional and transient CFD studies are limited to 
conventional scroll geometries. Hence, the predicted CFD results are compared with the numerical and 
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experimental findings obtained from the constant wall thickness scroll expander of Wei et al. (2015) [26]. The 
corresponding operating conditions for the CFD model verification and validation are specified by pressure ratio, 
total inlet temperature and rotational speed. The applied pressure ratios ranged from 2.50 to 2.74 and the total inlet 
temperatures ranged from 405K to 454K. The rotational speed was varied from 1820rpm to 2520rpm.  
 
4.1 Grid sensitivity analysis 
     The operating conditions for the CFD model used in grid sensitivity analysis, turbulence model and tangential 
force distribution tests are listed in Table 3.  
 
Table 3: Operating conditions for the CFD model verification 
Total inlet 
temperature (K) 
Total inlet 
pressure (MPa) 
Static outlet 
pressure (MPa) 
Pressure 
ratio (-) 
Rotational 
speed (rpm) 
Working 
fluid 
405 1.100 0.440 2.50 2000 R123 
 
Grid sensitivity analysis was conducted to examine the accuracy of the CFD solutions and the results are illustrated 
in Table 4. It can be observed that the refinement of the grid resulted in less than 2% change in torque and power. 
The mass flow rate and isentropic efficiency were constant to within 1.4% and 0.8%, respectively. This level of 
grid convergence was considered acceptable for the present study. Considering, in particular, the CPU-time, the 
grid with 685k cells was chosen to carry out further CFD simulations. 
Table 4: Grid sensitivity analysis 
Number 
of nodes 
Number 
of cells 
Mass flow 
rate (kg/s) 
Torque 
(Nm) 
Power  
output (W) 
Isentropic 
efficiency (%) 
372k  458k 0.0485 1.280 268.11 33.30 
496k 685k 0.0478 1.269 265.84 33.36 
794k 1227k 0.0482 1.295 271.16 34.07 
 
 
4.2 Sensitivity study on turbulence modelling 
 
     Table 5 shows the effects of different turbulence models on the expander performance. The RNG k-ϵ model 
predicted a slightly higher average mass flow rate, torque and power output in comparison to the standard k-ϵ 
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model. These differences are related to the RNG approach which is said to model the impact of swirling flows on 
turbulence more accurately [32]. The variations in isentropic efficiency were negligible as they were within 0.2%. 
In other words, the turbulence sensitivity tests show that the CFD model was robust against different turbulence 
models. Hence, the RNG k-ϵ model was chosen for further investigations for consistency with earlier studies [26]. 
Table 5: Influence of different turbulence models on the performance 
Turbulence 
model 
Mass flow 
rate (kg/s) 
Torque 
(Nm) 
Power  
output (W) 
Isentropic 
efficiency (%) 
k-ϵ  0.0476 1.266 265.10 33.57% 
RNG k-ϵ 0.0478 1.269 265.84 33.36% 
 
 
4.3 Tangential force distribution and average torque per average mass flow rate for different pressure ratios 
     The total tangential force (𝐹𝑡) exerted on the orbiting scroll of the variable wall thickness scroll expander can 
be determined using Eq. (2).  
𝐹𝑡 = ∑(𝐹𝑦,𝑖 cos(𝜔𝑡) − 𝐹𝑥,𝑖 sin(𝜔𝑡))
𝑛
𝑖=1
 
 
 (2) 
 
𝐹𝑥,𝑖 and 𝐹𝑦,𝑖 define the x- and y-components of the corresponding gas forces and 𝜔 denotes the angular velocity. 
The variable i is specified as the orbiting scroll surface element and the variable n represents the total number of 
the orbiting scroll surface elements. The CFD results (blue curve) are plotted over four revolutions of the orbiting 
scroll as illustrated in Fig. 3. The plot also includes a comparison against Wei et al.’s CFD results for their constant 
wall thickness scroll expander (2015) [26] (red curve) at the same pressure ratio of 2.5 as listed in Table 3. 
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Fig. 3: Tangential force distribution over four revolutions of the orbiting scroll 
 
     It can be determined from Fig. 3 that the lowest tangential force acting on the orbiting scroll was generated as 
soon as the suction port was fully closed in both cases. The highest tangential force was generated as soon as the 
maximum suction chamber volume was reached. The figure also shows that the tangential force for the variable 
wall thickness scroll expander design steadily decreased after it reached its peak. It then dropped sharply with the 
closure of the suction port. This contrasts with the tangential forces for the constant wall thickness design which 
plateaued before a sharp drop with the closure of the suction port. In addition, the tangential force distribution 
was smoother and included fewer fluctuations for the constant wall thickness expander. All the aforementioned 
differences can be associated with the operating mode of the two scroll expander geometries, their different 
shapes, and their different scroll tip designs. The constant wall thickness design was operated close to its optimum 
performance point. In comparison to the variable wall thickness design in which an imbalance between pressure 
and built-in volume ratio existed during the operation (2.5 vs. 4.5). The constant wall thickness design uses a 
perfect meshing profile to generate its scroll tips whereas the variable wall thickness design uses a dual arc tip 
design to close the scroll tips in the suction area. The comparison shows that the two designs have similar 
tangential force distributions and demonstrate consistency of present and previous modelling approaches.   
     There is no experimental data available for the scroll expander using variable wall thicknesses. The predicted 
CFD results are therefore compared with the numerical and experimental findings obtained from the constant wall 
thickness scroll expander of Wei et al. (2015) [26]. In spite of the geometrical differences regarding their scroll 
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shapes due to varying wall thicknesses, the shape of their working chambers defining the suction, expansion and 
discharge chambers are similar. This, in turn, makes the two scroll geometries using constant and variable wall 
thicknesses comparable. The validation of the CFD model was carried out on the basis of four different operating 
conditions which were used in the previous work and are listed in Table 6.  
Table 6: Boundary conditions for the validation of the CFD simulations 
Total inlet 
temperature (K) 
Total inlet 
pressure (MPa) 
Static outlet 
pressure (MPa) 
Pressure 
ratio (-) 
Rotational 
speed (rpm) 
Working 
fluid 
428 1.066 0.389 2.74 1820 R123 
405 1.129 0.426 2.65 2000 R123 
443 0.961 0.365 2.63 2180 R123 
454 0.878 0.345 2.55 2520 R123 
 
The scroll expander torque generated by the gas forces can be determined using Eq. (3).   
𝜏 = 𝑟0⃗⃗⃗⃗  x (𝐹𝑛⃗⃗ ⃗⃗ +  𝐹𝑟⃗⃗⃗⃗ ) (3) 
𝑟0⃗⃗⃗⃗  denotes the distance vector between the rotation axis and the force transmission point. 𝐹𝑛⃗⃗ ⃗⃗  and 𝐹𝑟⃗⃗⃗⃗  are defined as 
the force vectors acting in the normal and radial direction in relation to the distance vector respectively.  
     The scroll expander torque produced at a specified rotational speed mainly depends on the displaced expander 
volume per revolution of the orbiting scroll. However, the variable and constant wall thickness scroll expanders 
have different expander displacements due to different scroll geometrical parameters such as built-in volume ratio, 
suction chamber volume and others. For a fair performance comparison of the two scroll expanders, the torque 
can be averaged over one revolution of the orbiting scroll and divided by the corresponding averaged mass flow 
rate as shown in Eq. (4)  
Torque per mass flow rate = 
|?⃗⃗?|
?̅̇?
 (4) 
 
This enables an evaluation based on the brake mean effective pressure (BMEP) [36]. It is possible to compare the 
scroll expander performances at different pressure ratios in terms of their torque and regardless of their 
displacement. 
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Fig. 4: Torque per mass flow rate for different pressure ratios  
 
     Fig. 4 illustrates the comparison of average torque per average mass flow rate for different pressure ratios with 
Wei et al.’s experimental and CFD results. The black and red curves in Fig. 4 represent the experimental and CFD 
results from Wei et al. (2015) [26] respectively. The blue curve shows the CFD results for the variable wall 
thickness design. It can be observed that the predicted average torques per average mass flow rates are in the range 
of the constant wall thickness CFD and experimental results. The variable wall thickness results lie between the 
CFD and experimental results of Wei et al. (2015) [26] except for the expander operation at a pressure ratio of 
2.55. The different shapes of the curves are due to the different shapes of the geometries (constant vs. variable) 
and scroll tips (perfect meshing profile vs. dual arc tip design). More importantly, the two scroll expanders are 
examined at different operating conditions due to their different built-in volume ratio. The variable wall thickness 
design results are at a pressure ratio lower than the built-in volume ratio, whereas the constant wall thickness 
design was operated close to its optimum performance point. Overall, the comparison shows that the predictions 
for the CFD model are consistent with previous work.  
     In conclusion, it can be stated that the CFD model for the variable wall thickness scroll expander was 
successfully verified and validated. Minimal deviations resulted from grid and turbulence model sensitivity tests 
proving the CFD model assumptions. The predicted CFD results for the tangential force distributions and the 
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comparison of average torque per average mass flow rate at different pressure ratios were consistent with existing 
data.  
5. Influence of increasing pressure ratio on the scroll expander performance 
 
     The CFD results for variable wall thickness scroll expanders are analysed in this section. Isentropic efficiency 
and power output for increasing pressure ratio are examined first, followed by a second-law analysis to assess the 
expander performance concerning the exergy utilisation. The influence of variable wall thicknesses on the scroll 
expander aerodynamic performance, in particular, on the total pressure field and pressure-volume diagram, in 
addition to the unsteady and three-dimensional flow field is investigated.  
 
5.1 Isentropic efficiency and power output evaluation  
 
     The predicted performance of scroll expanders can be compared with the performance based on ideal 
conditions by means of the isentropic efficiency. For both processes, the total pressure and total temperature at 
the scroll expander inlet in combination with the exit static pressure can be utilised to calculate the isentropic 
efficiency. The energy balance applied to a control volume of a scroll expander domain reads as follows 
?̇? − ?̇? = ?̇?[(ℎ𝑡,𝑜𝑢𝑡 − ℎ𝑡,𝑖𝑛) + 𝑔(𝑧𝑜𝑢𝑡 − 𝑧𝑖𝑛)] +
𝑑𝐸𝑆𝑦𝑠𝑡𝑒𝑚
𝑑𝑡
 
 
(5) 
 
in which ?̇? represents the power output and ?̇? the heat transfer of the system. ?̇? is specified as the mass flow 
rate through the system and ℎ𝑡,𝑜𝑢𝑡 and ℎ𝑡,𝑖𝑛 are denoted as the specific total enthalpies. Moreover, 𝑔(𝑧𝑜𝑢𝑡 − 𝑧𝑖𝑛) 
defines the potential energy changes and 
𝑑(𝐸𝑆𝑦𝑠𝑡𝑒𝑚)
𝑑𝑡
 represents the change rate of the total energy contained inside 
the system. The actual and ideal processes were both assumed to be adiabatic. A further assumption is the neglect 
of potential energy changes. The isentropic efficiency (𝜂𝑖𝑠) is subsequently defined as the actual power output 
(?̇?ℎ) over the isentropic power output (?̇?𝑖𝑠) and can be expressed as  
 
𝜂𝑖𝑠 = 
?̇?ℎ
?̇?𝑖𝑠
 = 
∫ (?̇?𝑖𝑛 · ℎ𝑡,𝑖𝑛)𝑑𝑡−∫ (?̇?𝑜𝑢𝑡 · ℎ𝑡,𝑜𝑢𝑡)𝑑𝑡
𝑡2
𝑡1
𝑡2
𝑡1
∫ (?̇?𝑖𝑛 · ℎ𝑡,𝑖𝑛)𝑑𝑡−∫ (?̇?𝑜𝑢𝑡 · ℎ𝑡,𝑜𝑢𝑡,𝑖𝑠)𝑑𝑡
𝑡2
𝑡1
𝑡2
𝑡1
 
(6) 
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It is important to obtain the isentropic efficiency based on the specific total enthalpies at the scroll expander 
domain inlet and outlet (ℎ𝑡,𝑖𝑛 and ℎ𝑡,𝑜𝑢𝑡) by considering the effects of the instantaneous mass flow rate at the scroll 
expander domain outlet (?̇?𝑜𝑢𝑡) as shown in Eq. (6). The mass flow rate at the scroll expander domain inlet is 
defined as ?̇?𝑖𝑛 . The specific total enthalpy of the isentropic process at the scroll expander domain outlet (ℎ𝑡,𝑜𝑢𝑡,𝑖𝑠) 
can be determined with the help of the specific entropy at the inlet of the scroll expander domain (𝑠𝑖𝑛) and the 
static pressure defined at the outlet of the domain (𝑝𝑠,𝑜𝑢𝑡). 𝑡1 and 𝑡2 specify the initial and final state of one 
revolution of the orbiting scroll.  
     To find the optimum performance point of the scroll expander, the isentropic efficiency and power output were 
calculated for increasing pressure ratio in the range from 2.5 up to 5.5 as listed in Table 7. The pressure ratio was 
increased by increasing the inlet pressure whereas the static outlet pressure of 0.33MPa was kept constant. The 
investigations were performed for radial clearances of 200 µm and 75 µm.  
Table 7: Operating conditions for the CFD model with radial clearance of 75 µm 
Pressure  
ratio (-) 
Total inlet 
pressure (MPa) 
𝛈𝐢𝐬 
(%) 
?̇? 
(kg/s) 
?̇?𝐚 
(W) 
?̇?𝐚/?̇?𝐡 
(-) 
2.50 0.825 53.44 0.018 177.17 1.00 
3.50 1.155 53.92 0.026 343.51 1.00 
4.00 1.320 53.00 0.030 427.71 1.01 
4.50 1.485 52.50 0.035 511.98 1.00 
5.00 1.650 51.49 0.040 596.77 0.99 
5.50 1.815 50.47 0.045 682.67 0.99 
 
 
Fig. 5: Isentropic efficiency graphs for increasing pressure ratio (left) and power output for different mass flow rates (right) 
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Fig. 5 illustrates the isentropic efficiency variation with pressure ratio (left) and power output variation with mass 
flow rate (right) for radial clearances of 200 µm and 75 µm. Fig. 5 (left) shows that the isentropic efficiency 
increased for increasing pressure ratio until the optimum performance point was reached at a pressure ratio of 3.5 
in each case. It is well known that the operation of scroll expanders in the over-expansion mode is more detrimental 
to performance than that in the under-expansion mode [10,37]. In the current case, however, the isentropic 
efficiencies predicted for the pressure ratios in the range of 4 to 5.5 are lower than those in the range of 2.5 to 3.5. 
These trends are attributable to the assumptions being made. Specifically, actual and ideal processes were assumed 
to be adiabatic and mechanical friction losses were excluded. Furthermore, radial leakage through the axial 
clearances was neglected in the CFD model assumptions. In addition to the imbalance of pressure and built-in 
volume ratio, the flank leakage through the radial clearance was a factor contributing to the internal 
thermodynamic losses during the scroll expander working process. The conversion of kinetic energy into enthalpy 
due to fluid friction resulted in energy dissipation also contributing to the internal flow losses. Furthermore, the 
investigations of the impact of radial clearance on the expander performance reveal a much higher isentropic 
efficiency for the lower radial clearance of 75µm. The isentropic efficiency values differ by almost 22% for the 
two clearances in each case (PR= 2.5: 21.92%; PR=3.5: 21.98%; PR=4.5: 22.03% and PR=5.5: 21.85%).   
     Fig. 5 (right) depicts how increasing mass flow rates generated higher power outputs in both cases. The power 
output for the radial clearance of 75 µm increased from 177.17W to 682.67W whereas the power output for the 
radial clearance of 200 µm increased from 201.85W to 707.99W for the two pressure ratios of 2.5 and 5.5 in each 
case. This will be discussed further in the next section. It can be also noted that the mass flow rates were almost 
halved due to less internal flank leakage for smaller radial clearance. In other words, higher radial clearance led 
to higher mass flow rates which generated higher gas forces in spite of lower isentropic efficiency.   
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5.2 Second-law analysis 
     Second-law analysis for scroll expanders can be carried out to qualitatively and quantitatively assess the scroll 
expander performance with regard to the exergy utilisation. Exergy is defined as the maximum amount of energy 
provided by a system at a specified environmental condition (dead state: 𝑇0 = 298.15K and 𝑝0 = 0.1MPa). Hence, 
the ratio between the exergy recovered by the scroll expander system and the exergy supplied to the scroll 
expander system along with the destroyed exergy can be examined. The exergy (𝜓𝑖) contained in fluid flow at a 
specified state i can be expressed as  
𝜓𝑖= (ℎ𝑡,𝑖- ℎ𝑡,0) - 𝑇0(𝑠𝑖 - 𝑠0) + g𝑧𝑖 (7) 
 
where ℎ𝑡,𝑖 and ℎ𝑡,0 define the specific total enthalpies at the specified state (i) and at the dead state (0) respectively. 
The specific entropies at the specified state (i) and the dead state (0) are represented by 𝑠𝑖 and 𝑠𝑜. 𝑇0 is set as the 
dead state temperature and g𝑧𝑖 as the potential energy at the state i accordingly. Considering the change from the 
initial state (1) to the final state (2) as soon as the scroll expander working process has taken place, the exergy 
change (Δ𝜓) of fluid flow during a scroll expander working process is defined as follows  
Δ𝜓 = 𝜓1 - 𝜓2 = (ℎ𝑡,1 - ℎ𝑡,2) - 𝑇0(𝑠1 - 𝑠2) + g(𝑧1 - 𝑧2) (8) 
The second-law efficiency of the scroll expander can be subsequently defined as the ratio between the actual 
power output (?̇?ℎ) and the reversible power output (?̇?𝑟𝑒𝑣,𝑜𝑢𝑡). The former is equal to the exergy recovered by the 
scroll expander system and the latter is defined as the greatest possible power output of the scroll expander system.  
𝜂𝐼𝐼 = 
?̇?ℎ
?̇?𝑟𝑒𝑣,𝑜𝑢𝑡
 = 
∫ (?̇?1 · ℎ𝑡,1)𝑑𝑡−∫ (?̇?2 · ℎ𝑡,2)𝑑𝑡
𝑡2
𝑡1
𝑡2
𝑡1
∫ (?̇?1 · 𝜓1)𝑑𝑡−∫ (?̇?2 · 𝜓2)𝑑𝑡
𝑡2
𝑡1
𝑡2
𝑡1
 
(9) 
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The mass flow rates at the initial state and the final state are specified as ?̇?1 and ?̇?2 in (Eq.) 9. 
 
 
The bar chart in Fig. 6 contains the results for the second-law analysis for different radial clearance at the same 
pressure ratio of 4.5 in each case. The exergy at the scroll expander inlets was identical in both cases since the 
applied boundary conditions were the same. The potential energies were neglected. The exergy changed by 
24.92kJ/kg for the scroll expander with radial clearance of 75 µm and by 22.63kJ/kg for the scroll expander with 
radial clearance of 200 µm as shown in Fig. 6. Consequently, the scroll expander with the larger radial clearance 
produced a higher power output of 535.96W in contrast to 512.33W from the 75 µm clearance expander. The 
destroyed exergy was 336.46W for the scroll expander with radial clearance of 75 µm and 864.23W for the scroll 
expander with radial clearance of 200 µm. The evaluation of the second-law efficiency of the two scroll expanders 
reveals that 39.64% (75 µm) and 61.72% (200 µm) of the work potentials were destroyed during the scroll 
expander working process respectively due to the irreversibility in association with the internal leakages. Or in 
other words, 60.36% and 38.28% of the available work was converted by the two scroll expanders in each case. 
As a result, it can be concluded that the decrease of the radial clearance from 200 µm to 75 µm decreased the 
actual power output of the scroll expander by 4.41% but with the advantage of a much higher second-law 
efficiency. Much less exergy was destroyed during the scroll expander working process.   
 
 
Fig. 6: Second-law analysis for different radial clearance at PR=4.5 
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5.3 Total pressure distributions during the scroll expander working process 
 
     Fig. 7 and 8 present total pressure distributions in the working chambers over one revolution of the orbiting 
scroll in the mid-axial xy-plane (at z=10mm). The working chambers comprise the suction, expansion and 
discharge chambers. The revolution of the orbiting scroll is subdivided into four steps with orbiting angles of 0º, 
144º, 240º, and 300º. The scroll expander with radial clearance of 75 µm is used for the evaluation at the pressure 
ratio of 4.5 and the rotational speed of n=2000rpm. Fig. 7a depicts the beginning of the suction process at an 
orbiting angle of 0º. The suction chamber volume was approximately 0cm3 and four expansion chambers (E1-E4) 
and two discharge chambers (D1 and D2) were formed. The scroll tip of the orbiting scroll separated expansion 
chambers E1 and E2. However, expansion chamber E1 was still connected with the suction port which enabled 
the aspiration of the working fluid into expansion chamber E1 in contrast to expansion chamber E2. Uneven 
pressure distributions were consequently generated in the expansion chambers, with the pressure in expansion 
chamber E1 higher than that in expansion chamber E2. A reduction from four to two expansion chambers can be 
noticed when the orbiting scroll rotated by 144º as shown in Fig. 7b. The figure also reveals the beginning of the 
discharge process. The pressure in the discharge chambers was still higher than that in the outlet chambers. It can 
also be observed that the suction port is almost fully closed. The pressure imbalance was maintained in the two 
expansion chambers formed by the variable wall thicknesses with lower pressure in expansion chamber E2. 
According to the pressure distributions in Fig. 8a, the discharge chambers were fully opened and the pressure was 
equal to the pressure in the outlet chambers. In addition, the pressure in the expansion chambers further decreased 
along with increasing expansion chamber volumes as soon as the orbiting scroll rotated further as illustrated in 
Fig. 8a,b. The pressure gradients between the suction and expansion chambers drove the flow through the radial 
clearance in terms of flank leakages. It can be also seen how the discharge chambers were fully connected and 
coupled with the outlet chambers. The suction chamber almost reached its highest volume as demonstrated in Fig. 
8b.  
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     To sum up, the geometrical effects of variable wall thicknesses did not affect the characteristic scroll machine 
operation. More specifically, the predicted total pressure distributions were similar to those obtained from CFD 
simulations for state of the art scroll expander geometries using constant wall thicknesses [12,26,27]. There was 
a blocking effect of the orbiting scroll tip which generated the characteristic pressure imbalances in the working 
chambers of the variable wall thickness scroll expander during the expansion process of the refrigerant vapour.  
 
Fig. 7: Total pressure fields in the mid-axial xy-plane (at z=10mm) at two different orbiting angles of 0º (a) and 144º (b) 
 
Fig. 8: Total pressure fields in the mid-axial xy-plane (at z=10mm) at two different orbiting angles of 240º and 300º 
 
 
 
         (a) Orbiting angle of 0º               (b) Orbiting angle of 144º  
        (a) Orbiting angle of 240º               (b) Orbiting angle of 300º  
(a)   
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5.4 Pressure trace analysis and visualisation of the unsteady three-dimensional flow field 
 
     Fig. 9 gives the pressure-crank angle diagram of a variable wall thickness scroll expander with radial clearance 
of 75 µm at pressure ratios of 2.5, 3.5, 4.5 and 5.5. The solid lines are the total pressure curves whereas the short 
dotted lines are the associated static pressure curves for each pressure ratio. Pressures for crank angles (CA) 
between 0º and 359º correspond to static and total pressures in the suction chamber whereas static and total 
pressures for crank angles between 360º and 816º correspond to those in the expansion chambers.  
     The crank angle of 0º represents the start of the suction process when the suction chamber volume is 
approximately 0cm3. At this point, the scroll tip of the orbiting scroll covered the suction port and interrupted the 
aspiration of the working fluid into the suction chamber. Consequently, there was a deviation between static and 
total pressure for each pressure ratio as shown in Fig. 9. This becomes more significant for increasing pressure 
ratio. In other words, the most kinetic energy generated during the suction process was at the pressure ratio of 5.5.  
     Total pressure fluctuations were observed at each pressure ratio similar to the corresponding static pressure 
oscillations. However, the total pressures in the suction chamber also increased with crank angles in each case 
until the total pressures reached the defined inlet pressures of 0.825MPa, 1.155MPa, 1.485MPa and 1.815MPa at 
crank angles of 132º, 144º, 168º and 192º respectively. The total pressure in the suction chamber started to decrease 
at a crank angle of 324º for each pressure ratio. The highest suction chamber volume was reached at a crank angle 
of 359º. Or in other words, the suction process was finished as soon as one revolution of the orbiting scroll was 
completed. It can be noted that the unsteadiness of the suction process in a constant wall thickness scroll expander, 
including its transient flow characteristics, was described in detail in the study of Wei et al. (2015) [26]. 
     The working fluid subsequently flowed into the two expansion chambers and the expansion process was started 
at the crank angles of 360º in each case as presented in Fig. 9. It can be noted that the static and total pressures 
were almost equal for each pressure ratio throughout the entire expansion process. The total pressures of 
0.379MPa (PR=2.5), 0.521MPa (PR=3.5), 0.672MPa (PR=4.5) and 0.833MPa (PR=5.5) were observed at the end 
of the expansion process at a crank angle of 816º. In all four cases, the fluid was under-expanded and therefore 
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above the defined static outlet pressure of 0.33MPa. The discharge chamber was formed and the discharge process 
began immediately afterwards.  
 
 
     It can be noted that Fig. 9 contains six coordinates ((a)-(f)) located on the pressure trace curves at six different 
crank angles of 60º, 300º, 384º, 444º, 504º, 600º for the pressure ratio of 4.5. Following these crank angles, the 
transient and three-dimensional flow field in the suction and expansion chambers is visualised in Fig. 10. The 
streamlines in Fig. 10 represent the trajectories of the three-dimensional flow field. By analysing the streamlines, 
it can be seen that the working fluid streamed into the suction chamber at high speeds reaching a peak velocity of 
30 m/s. This caused the deviation between static and total pressure as described previously. Fig. 10b reveals a 
decreasing flow velocity as the scroll rotated further (CA=300º) reducing the pressure loss due to the generation 
of kinetic energy. It can be also seen that two vortices were generated in the suction chamber of the variable wall 
thickness scroll expander towards the end of the suction process as a result of the varying cross-sectional area of 
the intersection of suction port outlet and suction chamber [26].  
     The inflow to expansion chamber E1 was redirected to flow further downstream after it reached the scroll 
chamber top wall of E1 at the beginning of the expansion process as shown in Fig. 10c. The backflow towards the 
scroll expander inlet occurred after the fluid reached the narrowing part between the fixed and orbiting scroll walls 
creating the rotating vortex in E1. The energy dissipation rate of the rotating vortices in E1 and E2 increased for 
the increasing volumetric expansion at CA=444º as visualised in Fig. 10d. In addition, there was a reduced energy 
Fig. 9: Pressure-crank angle diagram for four different pressure ratios  
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supply during the closure of the suction port. The disconnection of E1 with the suction port at CA=504º prevented 
the kinetic and pressure energy supply to E1 damping the intensity of the vortex in E1 significantly. Nonetheless, 
the energy dissipation rate of both vortices in E1 and E2 is comparable as illustrated in Fig. 10e. The pressure 
gradient driving the expansion process between (e) and (f) increased compared to (d) and (e) as illustrated in Fig. 
9. The complete dissipation of the two vortices was observed towards the later stage of the expansion process at 
CA=600º as shown in Fig. 10f. It should be stated that the flow field in the suction chamber is excluded in Fig. 
10e,f.  
 
 
    
     Fig. 11 depicts the p-V diagram for the pressure ratio of 4.5 including the pressure traces in each individual 
expansion and discharge chamber. It should be indicated that expansion chambers E1 and E2 are specified in Fig. 
7 and Fig. 8 in the previous section. Moreover, Fig. 11 contains six coordinates (I-VI) which are located on the 
pressure trace curves. It should be also indicated that these coordinates are different from those used in Fig. 9. For 
visualisation purposes and a better understanding of the expansion process, the transient total pressure 
                               (a) CA = 60º    (b) CA = 300º      (c) CA = 384º 
   
                               (d) CA = 444º    (e) CA = 504º      (f) CA = 600º 
   Fig. 10: Generation of vortices during the suction process and their development during the expansion process 
25 
 
distributions in the corresponding working chambers are marked in red in the mid-axial xy-plane (at z=10mm) at 
these coordinates as presented in Fig. 11.   
     The pressure traces further show the existing pressure imbalance in the two working chambers during the 
expansion process. The suction chamber was separated into two expansion chambers after the orbiting scroll 
finished one revolution. As a result, the total pressure in expansion chamber E1 (blue curve) had remained constant 
due to the existing connection to the suction port. The total pressure started to drop significantly as soon as the 
scroll tip of the orbiting scroll closed the suction port. In contrast, the total pressure in expansion chamber E2 
(green curve) decreased as soon as the suction chamber was separated into two expansion chambers because it 
was disconnected from the suction port. The black curve defines the averaged total pressure in the two expansion 
chambers during the expansion of the working fluid. The total pressure further dropped to the defined static outlet 
pressure of 0.33MPa as soon as the discharge process was started. The discharge chamber volume decreased and 
the total pressure remained constant at 0.33MPa as the orbiting scroll rotated further.  
     The corresponding isentropic expansion is also included in Fig. 11. The isentropic expansion factor was 
assumed to be κ=1.15 based on the pressure and temperature range of the scroll expander working fluid [38]. The 
expansion process under isentropic conditions (orange curve) differed considerably from the expansion process 
predicted numerically. Note the over-expansion of the working fluid under isentropic conditions due to the 
geometrical effects of the variable wall thickness scroll design. It can be also noted that the total pressure at the 
end of the isentropic expansion process was below the defined static outlet pressure of 0.33MPa. It was equal to 
0.21MPa as soon as the maximum working chamber volume was achieved. In contrast to the total pressure at the 
end of the numerically predicted process which was under-expanded and therefore above the specified static outlet 
pressure as shown in Fig. 11. Leakage flows and irreversibility of the numerically predicted expansion process, 
including entropy generation inside the scroll expander working chambers, led to the deviation of the predicted 
and ideal p-V curves. The entropy at the scroll expander outlet was larger for the numerically predicted process 
than that of the ideal process. The geometrical constraints of the expansion chambers formed by varying wall 
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thicknesses restricted the expansion process. In theory, it should be feasible to achieve a complete expansion of 
the working fluid to the defined exit pressure by modifying the expansion chamber volume. The use of variable 
wall thickness scroll expanders with higher built-in volume ratios would lead to a higher expansion chamber 
volume at the end of the expansion process. The isentropic efficiency could thus be enhanced under the same 
operating conditions. 
 
 
6. Conclusions 
     A CFD model for a scroll expander using variable wall thicknesses was developed. The model was 
characterised by a 3D domain and an unsteady approach and utilised the refrigerant R123 as the working fluid. 
The CFD model was verified and validated and the results were consistent with the predictions of the 
thermodynamic theory of scroll expanders.  
Fig. 11: p-V diagram for the pressure ratio of 4.5 
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     The optimum performance point was achieved at a pressure ratio of 3.5. The decrease of radial clearance from 
200 µm to 75 µm had a positive effect on the isentropic efficiency and the specific power output. The isentropic 
efficiency at the optimum performance point was significantly improved by 22% from 31.9% to 53.9%. The 
second-law analysis revealed that exergy of 336.5W (75µm) and 864.2W (200µm) were destroyed during the 
expansion processes and the second-law efficiencies were 60.4% and 38.3% respectively.   
     The geometrical effects of varying wall thicknesses did not affect the characteristic scroll machine operation. 
Pressure imbalances were observed in the expansion chambers of the variable wall thickness scroll expander 
design during the expander operation. The large-scale vortices, generated in the suction chamber during the 
suction process, were completely dissipated in the expansion chambers at a crank angle of 600°. 
     Geometrical constraints of the variable wall thickness geometry restricted the complete expansion of the 
working fluid. The use of scroll expanders with built-in volume ratios above 4.5 could fully expand the working 
fluid to its defined scroll expander outlet pressure. Compared to the variable wall thickness scroll expander used 
in this study, a higher isentropic efficiency could be achieved under the same operating conditions.  
 
Nomenclature 
 
Roman Symbols 
 
a  Base circle radius (mm) 
𝐶𝑜, 𝐶1, 𝐶2, 𝐶3 Constant of wall thickness (-) 
𝐶𝜖1, 𝐶𝜖2, 𝐶𝜖3 Turbulence model coefficients (-) 
𝐶𝜇  Turbulence model coefficient (-) 
d  Control parameter of wall thickness (-) 
𝐷𝑠  Non-dimensional specific diameter (-) 
𝐸𝑆𝑦𝑠𝑡𝑒𝑚  Total energy content (J) 
𝐹𝑛⃗⃗ ⃗⃗   Force vector in the normal direction (N) 
𝐹𝑟⃗⃗⃗⃗   Force vector in the radial direction (N) 
𝐹𝑡  Tangential force (N) 
𝐹𝑥,𝑖 , 𝐹𝑦,𝑖  x and y components of the gas forces (N) 
g  Gravitational acceleration (
𝑚
𝑠2
)  
h  Scroll height (mm) 
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ℎ𝑡  Specific total enthalpy (
𝐽
𝑘𝑔
) 
k  Control parameter of wall thickness (-) 
?̇?   Mass flow rate (
𝑘𝑔
𝑠
) 
n  Rotational speed (rpm) 
𝑁𝑠  Non-dimensional specific speed (-) 
p  Pressure (MPa) 
𝑝𝑜  Initial pressure (MPa) 
𝑝𝑠  Static pressure (MPa) 
𝑝𝑡   Total pressure (MPa) 
?̇?  Heat transfer rate (W) 
R  Big circular arc radius (mm) 
r  Small circular arc radius (mm) 
𝑟𝑣   Built-in volume ratio (-) 
𝑟0⃗⃗⃗⃗   Distance vector (m) 
𝑟𝑜𝑏   Orbiting radius of the moving scroll (mm) 
s  Specific entropy (
𝐽
𝑘𝑔𝐾
) 
𝑆𝜙     Source term of the scalar 
t  Time (s) 
𝑡1 and 𝑡2    Initial and final state of one revolution of the orbiting scroll 
T  Time period (s) 
𝑇0  Dead state temperature (K) 
?⃗⃗?  Flow velocity vector (
𝑚
𝑠
) 
?⃗⃗?𝑔  Mesh velocity of the moving mesh (
𝑚
𝑠
) 
V  Arbitrary control volume (𝑚3) 
?̇?  Power output (W) 
?̇?𝑎  Power output calculated from angular momentum change (W) 
?̇?ℎ  Power output calculated from enthalpy change (W) 
?̇?𝑟𝑒𝑣,𝑜𝑢𝑡  Power output under reversible conditions (W) 
?̇?  Exergy destroyed (W) 
z  Vertical position (m) 
 
Greek Symbols 
 
𝛼   Original angle (rad) 
𝛼𝑖  Initial angle of the inner involute (rad) 
𝛼𝑜  Initial angle of the outer involute (rad) 
𝛽  Turbulence model coefficient (-) 
𝛤  Diffusion coefficient (-) 
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Δt  Physical time step (s) 
ϵ  Rate of dissipation of turbulence energy (
𝑚2
𝑠3
) 
𝜂𝑖𝑠  Isentropic efficiency (%) 
𝜂0  Turbulence model coefficient (-) 
𝜂𝐼𝐼  Second-law efficiency (%) 
κ  Isentropic exponent for a real gas (-) 
κ  Turbulent kinetic energy (
𝑚2
𝑠2
) 
𝜌  Fluid density (
𝑘𝑔
𝑚3
) 
𝜎𝑘, 𝜎𝜖  Turbulence model coefficients (-) 
τ  Torque generated by gas forces (Nm) 
𝜙  General scalar (-) 
ψ  Exergy (
𝑘𝐽
𝑘𝑔
) 
ω  Angular velocity (
𝑟𝑎𝑑
𝑠
) 
 
Subscripts 
 
ave  average 
i  inner involute 
in  scroll expander inlet 
is  isentropic 
o  outer involute 
ob  orbiting  
out  scroll expander outlet 
1  initial state 
2  final state 
 
Acronyms/Abbreviations 
 
2D  Two-dimensional 
3D  Three-dimensional  
BMEP  Brake Mean Effective Pressure (kPa) 
CA  Crank angle (deg) 
CFD  Computational Fluid Dynamics 
D1, D2  Discharge chambers D1 and D2 (-) 
E1 - E4  Expansion chamber E1 - E4 (-) 
NIST  National Institute of Standards and Technology 
ORC  Organic Rankine cycle 
PISO  Pressure-Implicit with Splitting of Operators 
PMP  Perfect Meshing Profile 
PR  Pressure Ratio (-) 
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PRESTO  PREssure STaggering Option 
REFPROP  Reference Fluid Thermodynamic and Transport Properties Database 
R123   2,2-Dichloro-1,1,1-trifluoroethane 
R245fa  1,1,1,3,3-Pentafluoropropane 
RNG  Re-Normalisation Group 
rpm  Revolutions per minute (Hz) 
URANS  Unsteady Reynolds-Averaged Navier-Stokes 
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